
       APS ! Washington DC ! January 29, 2017 :: IVM  1   

CURRENT STATUS OF 

ASTROPHYSICS OF COSMIC RAYS 

IGOR V MOSKALENKO − STANFORD 



       APS ! Washington DC ! January 29, 2017 :: IVM  2   



       APS ! Washington DC ! January 29, 2017 :: IVM  3   

Timeline of γ-ray, CR, and particle experiments 
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PAMELA discovery: Rising positron fraction 
!  TS93 (Golden+’96): flat positron 

fraction 0.078±0.016 in the range 5-60 
GeV (US) 

!  HEAT-94,95,00 (Beatty+’04): “a small 
positron flux of nonstandard origin” 

!  PAMELA team reported a clear and 
very significant rise in the positron 
fraction  compared to the “standard” 
model predictions 

!  “Standard” model: 
"  Secondary production in the ISM 
"  Steady state 
"  Smooth CR source distribution 
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AMS-02: measurement of the positron fraction 
!  Confirmed and 

extended earlier 
PAMELA and 
Fermi-LAT 
measurements  

!  Keen to see the 
behavior >400 
GeV! 

47 

Positron Fraction from AMS -02: 2015 

Asymptotically approaches a 
constant ~0.15 or drops?

Fermi (East-West effect) 

Aguilar+’13, Accardo+’14 
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The impact (NASA’s ADS) 
!  An anomalous positron abundance in cosmic rays with energies 1.5-100 GeV, Nature 2009, 458, 607 

(PAMELA) – 1600 citations 
!  First Result from the Alpha Magnetic Spectrometer on the International Space Station: Precision 

Measurement of the Positron Fraction in Primary Cosmic Rays of 0.5-350 GeV, PRL 2013, 110, 141102 
(AMS-02) – 470 citations 

!  New Measurement of the Antiproton-to-Proton Flux Ratio up to 100 GeV in the Cosmic Radiation, PRL 
2009, 102, 051101 (PAMELA) – 470 citations 

!  Measurement of the Cosmic Ray e++e- Spectrum from 20 GeV to 1 TeV with the Fermi Large Area 
Telescope, PRL 2009, 102, 18110 (Fermi-LAT) – 810 citations (cf. 1000 for 2FGL and 710 for 1FGL) 

!  Measurement of Separate Cosmic-Ray Electron and Positron Spectra with the Fermi Large Area 
Telescope, PRL 2012, 108, 011103 (Fermi-LAT) – 340 citations  

!  PAMELA Results on the Cosmic-Ray Antiproton Flux from 60 MeV to 180 GeV in Kinetic Energy, PRL 
2010, 105, 121101 (PAMELA) – 380 citations 

!  PAMELA Measurements of Cosmic-Ray Proton and Helium Spectra, Science 2011, 332, 69 (PAMELA) – 
320 citations 

!  Fermi-LAT Observations of the Diffuse γ-Ray Emission: Implications for Cosmic Rays and the 
Interstellar Medium, ApJ 2012, 750, 3A (Fermi-LAT) – 270 citations 
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Other recent most remarkable results 
!  Galactic Cosmic Rays in the Local Interstellar Medium: Voyager 1 Observations and Model Results, ApJ 831 

(2016) 18 
!  Observation of the 60Fe nucleosynthesis-clock isotope in galactic cosmic rays, Science 352 (2016) 677 
!  Precision Measurement of the Boron to Carbon Flux Ratio in Cosmic Rays from 1.9 GV to 2.6 TV with the Alpha 

Magnetic Spectrometer on the International Space Station, PRL 2016, 117, 231102 
!  Antiproton Flux, Antiproton-to-Proton Flux Ratio, and Properties of Elementary Particle Fluxes in Primary 

Cosmic Rays Measured with the Alpha Magnetic Spectrometer on the International Space Station, PRL 2016, 117, 
091103 

!  Precision Measurement of the Helium Flux in Primary Cosmic Rays of Rigidities 1.9 GV to 3 TV with the Alpha 
Magnetic Spectrometer on the International Space Station, PRL 2015, 115, 211101 

!  Precision Measurement of the Proton Flux in Primary Cosmic Rays from Rigidity 1 GV to 1.8 TV with the Alpha 
Magnetic Spectrometer on the International Space Station, PRL 2015, 114, 171103 

!  Precision Measurement of the (e++e-) Flux in Primary Cosmic Rays from 0.5 GeV to 1 TeV with the Alpha 
Magnetic Spectrometer on the International Space Station, PRL 2014, 113, 221102 

!  Electron and Positron Fluxes in Primary Cosmic Rays Measured with the Alpha Magnetic Spectrometer on the 
International Space Station, PRL 2014, 113, 121102 

!  High Statistics Measurement of the Positron Fraction in Primary Cosmic Rays of 0.5-500 GeV with the Alpha 
Magnetic Spectrometer on the International Space Station, PRL 2013, 110, 141102 
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Positron anomaly: Astrophysical papers (~200) 
!  Blasi 2009 “Origin of the positron excess in cosmic rays” 
!  Blasi & Serpico 2009 “High-energy antiprotons from old supernova remnants” 
!  Mertsch & Sarkar 2009 “Testing astrophysical models for the PAMELA positron excess with cosmic ray nuclei” 
!  Shaviv+ 2009 “Inhomogeneity in cosmic ray sources as the origin of the electron spectrum and the PAMELA anomaly” 
!  Delahaye+2010 “Galactic electrons and positrons at the Earth: new estimate of the proimary and secondary fluxes” 
!  Stawarz+2010 “on the energy spectra of GeV/TeV cosmic ray leptons” 
!  Lee+ 2011 “Explaining the cosmic ray e+/(e-+e+) and pbar/p ratios using a steady-state injection model” 
!  Kachelriess+2011 “Antimatter production in supernova remnants” 
!  Kachelriess & Ostapchenko 2013 “B/C ratio and the PAMELA positron excess” 
!  Blum+ 2013 “AMS-02 results support the secondary origin of cosmic ray positrons” 
!  Cholis & Hooper 2013 “Dark matter and pulsar origin of the rising cosmic ray positron fraction in light of new data from 

the AMS” 
!  Erlykin & Wolfendale 2013 “Cosmic ray positrons from a local, middle-aged supernova remnant” 
!  Berezhko & Ksenofontov 2013 “Energy spectra of electrons and positrons produced in supernova remnants” 
!  Berezhko & Ksenofontov 2013 “Antiprotons produced in supernova remnants” 
!  Cholis & Hooper 2014 “Constraining the origin of the rising cosmic ray positron fraction with the boron-to-carbon ratio” 
!  Di Mauro+2014 “Interpretation of AMS-02 electrons and positrons data” 
!  Mertsch & Sarkar 2014 “AMS-02 data confronts acceleration of cosmic ray secondaries in nearby sources” 
!  Cowsik+2014 “The origin of the spectral intensities of cosmic ray positrons” 
!  … 
!  + Dark Matter papers >1300 
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All-electron spectrum 

!  Fermi-LAT and PAMELA data agree well 
!  Shows some structure 
!  Flatter than extrapolated from low energies 
!  Sharp cutoff at 1 TeV (HESS), as expected 

Kobayashi+’2004 

!  Cannot be reproduced with a single 
power-law injection spectrum 

!  Origin 
"  Local sources? 
"  needs a component with hard 

spectrum (positrons?) 
!  CALET was launched to the ISS in 

2015 to find out!  
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AMS-02 All Electron Spectrum 
!  A dedicated experiment 

AMS-02 has improved a 
measurement of the all-
electron spectrum  

!  Still show a puzzlingly flat 
spectrum with no breaks from 
10 GeV to ~1 TeV 

!  Note the linear scale in 
intensity! 

!  No effect of energy losses at 
HE or an additional (local) 
component? 

!  Local source of HE electrons? 
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More on electrons and positrons 
!  Looks like the individual spectra of e− 

and e+ are disconnected 
!  But indices (different in absolute value!) 

behave similarly. Why? different behavior 
of e− and e+ at HE  

~0.4 



       APS ! Washington DC ! January 29, 2017 :: IVM  12   

Breaks in p and He spectra 
!  First noticed in ATIC 

and CREAM data, hints 
were present in earlier 
data 

!  Spectrum of He is 
flatter than spectrum of 
protons 

!  Perhaps similar breaks 
exist in spectra of 
heavier nuclei 
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The mathematical simulation of the development of
cascades in the spectrometer demonstrated that the
scaling approximation poorly describes the operation
of the device. Therefore, it is necessary to improve the
method used in [4, 5]. In the present work, the problem
associated with the reconstruction of the primary
energy spectra described by the Fredholm equation (1)
was solved by two more accurate methods: (i) the
method based on the direct solution of the Fredholm
equation with the use of the Tikhonov regularization
and (ii) the differential-shift method generalizing the
known technique described in [6]. Moreover, we used a
new refined calibration of the calorimeter and an
improved correction to the thermal sensitivity of the
calorimeter tract; i.e., we took into account the changes
in the temperature during the flight rather than used the
averaged flight temperature of the device, as was done
earlier in [4, 5].

2. RECONSTRUCTION OF THE PRIMARY 
ENERGY SPECTRA

The experimental differential spectra of released
energies are written as a number of counts in logarith-
mically equidistant cells that divide the entire energy
range under investigation into 

 

n

 

 parts. If the primary
energy spectra are sought in the same form, the integral
equation (1) in the discrete form can be written as the
system of equations
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} is based on the direct solution of the dis-
crete Fredholm equation (2) with the use of the
Tikhonov regularization and consists in minimizing a
particular functional and calculating the statistical
errors by the Monte Carlo method. This technique, as
applied to the processing of the data obtained in the
ATIC experiment, was described in detail in [7].

It was shown that, for the energy spectra of protons
and helium nuclei, the method based on the direct solu-
tion of the inverse problem with the regularization leads
to a stable result. This means that, when the spectrum
of released energies is processed by parts, the resulting
portions of the primary energy spectrum appear to be
consistent with each other. However, the situation
reverses for the energy spectra of nuclei with 
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6. In
order to process the energy spectra of these nuclei, we
developed a differential-shift method that generalizes
the known technique [6] based on the exact scaling. In
the differential-shift method, the energy scaling factor
is calculated for each value of 
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Fig. 1. (a) Energy spectra of protons and helium nuclei and (b) the ratio of the proton flux to the helium flux as a function of the
energy per particle.
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PAMELA: first definitive evidence of the breaks 
!  Breaks are at the same rigidity 

pointing to the same origin of 
the breaks  

E (GeV/n)
1 10 210 310 410

2.
7

 (G
eV

/n
)

× 
 -1

 s
 s

r G
eV

/n
 )

2
 ( 

m
2.

7
 E×

Fl
ux

 

210

310

410

IMAX (1992) CAPRICE (1994)

CAPRICE (1998) AMS (1998)

ATIC-2 (2007) BESS (2002)

CREAM (2004-2006) JACEE (1994)

RUNJOB (1995-1999) PAMELA 

PAMELA systematic error band

IMAX (1992) CAPRICE (1994)

CAPRICE (1998) AMS (1998)

ATIC-2 (2007) BESS (2002)

CREAM (2004-2006) JACEE (1994)

RUNJOB (1995-1999) PAMELA 

PAMELA systematic error band

p  

He  break rigidity 



       APS ! Washington DC ! January 29, 2017 :: IVM  14   

AMS-02 study of the break structure 
!  Breaks are smooth at 

the same rigidity 
!  p/He ratio shows no structure, why? 
!  Diff. in indices p, He: Δδ ~0.1, why? 
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Most puzzling! 
!  If excess positrons are produced in 

pulsars or DM why the p/e+ ratio is flat? 
!  Is there a break in the p/e+ ratio (and e+ )?  

!  The flat ratios of pbar/p, p/e+, and pbar/e+ 

indicate a common origin of p, pbar, e+! 
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Yet more puzzling! 
!  Boron and pbars both are secondary, but why 

pbar/p is flat when B/C ratio is falling? 
!  Same break in Carbon and Boron spectra? 
!  “Standard picture” is wrong? 100 200 300 400 R,GV 

B/C 
B/C 

Break rigidity 
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And yet even more puzzling! 

!  Observed Fermi-LAT counts in the energy 
range 200 MeV to 100 GeV 

!  Gamma rays are tracing the whole Galaxy! 
!  Predictions are made on the basis of 

conventional propagation model 
(GALPROP reacceleration model tuned to 
local CR observations) 

!  Remarkable agreement: residuals (Obs-
Pred)/Obs ~ % level, ~10% in some places 

!  So, the “standard picture” is correct? 

– 55 –

Fig. 5.— Upper panel: observed Fermi–LAT counts in the energy range 200 MeV to 100 GeV used

in this paper. Lower panel: predicted counts for model SSZ4R20T150C5 in the same energy range.

To improve contrast we have used a logarithmic scale and clipped the counts/pixel scale at 3000.

The maps are in Galactic coordinates in Mollweide projection with longitudes increasing to the left

and the Galactic centre in the middle.

Observed 

Predicted 
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Fermi Bubbles 

!  Artist’s concept of Fermi Bubbles 
!  Puzzles:  

!  The spectrum is “flat” (ongoing acceleration!) 
!  The spectrum is uniform over these huge structures! (what is the mechanism?) 
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!  Last decade has clearly demonstrated that the ACCURACY 
is the key in discovering new phenomena in CR 

!  To understand what is going on, we have to extend the 
coverage of CR measurements beyond the current limits 

!  Increase statistics and energy resolution 
!  Some directions to extend: 

"  P, He, Z>2 spectra >0.5 TeV/n 
"  Isotopic spectra/abundances >0.5 GeV/n & esp. 

redioactives 
"  Heavy nuclei Z>28 – all energies 
"  Search for fine structure in e± spectra at all energies, 

and esp. >1 TeV 
" Antiproton measurements  

ACCURACY is now the next frontier!  
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!  However, we do not have any new NASA’s major mission  
"  PAMELA was an Italian-Russian mission 
" AMS-02 is a DoE mission which primary goal is the dark 

matter 
" CALET is a Japanese mission 
" Voyager 1,2 were launched in 1977 
" ACE was launched in 1990’s with a 5-year goal 
" FERMI is a gamma-ray mission (not cosmic ray) 
"  ISS-CREAM is sitting on the ground since 2015 

!  The US cosmic ray community has a number of bright and 
crazy ideas on what to do and which missions to launch to 
address the current challenges 

!  Bright and crazy enough to make them successful! 

Next steps? 
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Without a clear path to the next 
NASA mission the US cosmic ray 
community is losing a life-time 
opportunity to lead the discovery 
crew! 


